Background: Plasma-derived cell-free tumor DNA (ctDNA) constitutes a potential surrogate for tumor DNA obtained from tissue biopsies. We posit that massively parallel sequencing (MPS) analysis of ctDNA may help define the repertoire of mutations in breast cancer and monitor tumor somatic alterations during the course of targeted therapy.
sampling of metastatic deposits is often unfeasible [2, 6, 9, 10] . Hence, approaches that provide a global assessment of the constellation of somatic genetic alterations in a cancer irrespective of its anatomical location would be required for the identification of potential therapeutic targets and mechanisms of resistance, in particular in the context of patients with metastatic disease.
Minimally invasive approaches that may help overcome the challenges posed by intra-tumor spatial and temporal heterogeneity and by the sampling bias stemming from the analysis of single-tumor biopsies have been developed [10, [12] [13] [14] [15] . Plasmaderived cell-free tumor DNA (ctDNA) has been tested as a potential non-invasive surrogate for tumor tissue biopsies [10] . Given that ctDNA is believed to be shed into the circulation by cancer cells from both the primary tumor and/or its metastases, it may constitute a source of tumor material from all disease sites, offering a real time, easily obtainable and minimally invasive tool for the development of molecular biomarkers [9, 10] .
Recent studies have shown that somatic genetic alterations can be identified by MPS-based analysis of ctDNA from plasma of breast cancer patients [13] [14] [15] [16] [17] [18] . Thus, the genomic characterization of plasma ctDNA has introduced new means to investigate the metastatic process and mechanisms of therapeutic resistance, and to monitor actionable driver somatic genomic alterations during the course of therapy in breast cancer patients [9, 13-15, 17, 19, 20] .
We hypothesize that MPS analysis of plasma-derived ctDNA of breast cancer patients would constitute a means to identify and monitor the presence of potentially actionable driver somatic genomic alterations during the course of therapy. In this proofof-concept study, we demonstrate that MPS analysis of plasmaderived ctDNA resulted in the identification of the complete repertoire of mutations detected in the metastatic lesion, and that changes in mutant allele fractions (MAFs) in ctDNA mirrored the pharmacodynamic response to targeted monotherapy.
patient and methods

patient
A 66-year-old, postmenopausal woman was diagnosed with an estrogen receptor (ER)-positive/HER2-negative, grade 2, mixed invasive ductal-lobular carcinoma of the breast and synchronous bone and liver metastases at Vall d'Hebron University Hospital (Barcelona, Spain) in July 2010. Imagingguided biopsies of the primary tumor and liver metastasis were obtained before the initiation of systemic therapy. Following three lines of chemotherapy (i.e. paclitaxel-, anthracycline-and capecitabine-based therapies; Figure 1 ) and disease progression, the patient underwent a molecular pre-screening program in November 2011. The analysis of archival primary breast tumor material by Sequenom MassARRAY® revealed the presence of an AKT1 E17K mutation, with an MAF of 88% (supplementary Table S1 , available at Annals of Oncology online). Based on these results, the patient was enrolled in the phase I study PAM4743g (Clinicaltrials.gov, NCT01090960) in January 2012 and treated with Ipatasertib (GDC-0068), a highly selective, orally available pan-AKT inhibitor [21] as the fourth line of therapy. A dose of 600 mg once daily (maximum tolerated dose in the expansion cohort was 400 mg) was administered on a 3-week-on/1-week-off treatment schedule, until documented disease progression in September 2012. Plasma samples were collected at baseline (i.e. before therapy), and during the treatment with Ipatasertib at 2 months, 6 months and at the time of disease progression. Response was assessed using the RECIST criteria (1.1) [22] . This study was approved by the IRB of Vall d'Hebron University Hospital.
DNA extraction
The diagnosis of the primary breast tumor and synchronous liver metastasis was confirmed by histologic review (supplementary Figure S1 , available at Annals of Oncology online). Five 10-µm thick formalin-fixed paraffin-embedded (FFPE) sections of the primary breast tumor and liver metastasis were microdissected with a needle under a stereomicroscope to ensure >80% of tumor cell content, as previously described [23] . DNA from tumor samples was extracted using the RecoverAll™ Total Nucleic Acid Isolation Kit (Ambion, Austin, TX) for FFPE tissue, and germline DNA was extracted from peripheral blood leukocytes using the QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA), according to the manufacturers' instructions. Plasma-derived DNA was extracted with the QIAamp Circulating Nucleic Acid Kit (Qiagen), as per the manufacturer's protocol. DNA was quantified using the Qubit Fluorometer (Invitrogen, Life Technologies, Grand Island, NY).
targeted massively parallel sequencing DNA samples from the primary breast cancer, liver metastasis, and from multiple plasma samples as well as germline DNA obtained from peripheral blood leukocytes were subjected to targeted capture MPS at the Integrated Genomics Operation (iGO), Memorial Sloan Kettering Cancer Center using the Integrated Mutation Profiling of Actionable Cancer Targets (IMPACT) platform [24] , which comprises 300 cancer genes known to harbor actionable mutations as previously described (supplementary Table S2 , available at Annals of Oncology online) [3] . In brief, barcoded sequence libraries were prepared (New England Biolabs, KapaBiosystems) using 22-250 ng of input DNA, pooled and captured using oligonucleotides for all protein-coding exons of the 300 genes (NimblegenSeqCap) [3] . Sequencing was carried out on an Illumina HiSeq2000 (San Diego, CA). Sequence alignment as well as calling of somatic single-nucleotide variants and small insertions and deletions were carried out as previously described [3, 24] . All candidate mutations were reviewed manually using the Integrative Genomics Viewer [25] . Mutations with an allele fraction of <1% and/or supported by ≤2 reads were disregarded.
Sequenom analysis
As a molecular pre-screening tool to select patients for clinical trials, 600 ng of DNA from the primary tumor was subjected to mutation profiling using a customized version of the OncoCarta Panel v1.0 (Sequenom MassARRAY®, San Diego, CA) (supplementary Table S1 , available at Annals of Oncology online). Data analyses and mutation reports were generated using the Sequenom® software.
results
High-depth targeted MPS was carried out with DNA obtained from the ER-positive/HER2-negative primary breast cancer and synchronous liver metastasis sampled at the time of diagnosis, and multiple plasma samples collected during the fourth line of therapy with Ipatasertib. Ipatasertib monotherapy provided benefit in terms of long-lasting radiologic and biochemical responses as shown by CA15.3 levels (Figure 2 ), and stable disease as per RECIST 1.1 was the best response achieved by the patient and lasted for ∼8 months. We subsequently compared the patient's progression-free survival (PFS) on Ipatasertib (A) with the PFS for the most recent therapy on which the patient had experienced Figure 1 . Patient disease presentation, treatment timeline and mutant alleles in the primary breast tumor, liver metastasis and plasma-derived DNA. Biopsies of the primary breast cancer and its synchronous liver metastasis were obtained before initiation of therapy. Following three lines of chemotherapy, the patient was treated with the AKT inhibitor Ipatasertib, and multiple plasma samples were obtained during the course of treatment. DNA samples extracted from the primary tumor, metastasis and plasma samples were subjected to targeted high-depth massively parallel sequencing. Not all mutations identified in the metastasis were reliably identified in the primary breast tumor; however, all mutations present in the primary tumor and/or liver metastasis were found in ctDNA. progression (i.e. capecitabine-based) (B) [26] . The ratio of the PFS of period B/PFS of period A was 3.1 (i.e. 7.8 months/2.5 months), superior to a ratio of >1.3, corroborating the potential clinical benefit of Ipatasertib monotherapy for this patient [26] .
somatic genetic alterations are distinct between the primary tumor and its metastasis
Targeted capture MPS showed average read depths of 287x and 139x in the archival primary breast cancer and its liver metastasis, respectively, and 76x in the normal sample. Fifteen somatic non-synonymous mutations were detected in the primary tumor (CDKN2A, AKT1, TP53, JAK3, TSC1, NF1, CDH1, MLL3, CTNNB1, PIK3C2G, GATA1, EPHB1, ESR1 and PAK7), all of which were also detected in the liver metastasis (Table 1) .
Mutations affecting FLT4 and MAP2K2 were present in the liver metastasis ( present in 12/47 reads and 40/113 reads, respectively), but could not be reliably detected in the primary tumor (found in 2/89 reads and 2/137 reads, respectively). Analysis of the primary tumor and its liver metastasis revealed similar MAFs of the AKT1 (70% and 72% in the primary tumor and its metastasis, respectively) and TP53 (42% in the primary tumor and its metastasis) somatic mutations present in these samples (Table 1) . On the basis of the allele fractions of the mutations affecting these two genes, it would be reasonable to hypothesize that these mutations were clonally distributed in the cancer cells of both the primary tumor and its liver metastasis. Evidence of intra-tumor genetic heterogeneity was, however, observed, given that the liver metastasis was enriched for mutations either only present at low allele fractions in the primary tumor (i.e. <5% MAF; PIK3C2G, GATA1, EPHB1, ESR1 and PAK7) or found at a MAF beyond the resolution obtained with the sequencing depth achieved for the primary tumor sample (i.e. FLT4 and MAP2K2 mutations; Table 1 and Figure 2 ). Targeted capture MPS also confirmed the presence of the AKT1 E17K mutation identified by Sequenom MassARRAY® during the molecular pre-screening program at Vall d'Hebron University Hospital (Table 1 and supplementary  Table S1 , available at Annals of Oncology online).
ctDNA analysis captures the heterogeneity of primary tumor and metastasis
Targeted capture MPS of the multiple plasma-derived DNA samples yielded average read depths ranging from 209x to 918x. Importantly, MAFs of up to 57% and 58% for AKT1 E17K and ESR1 E380Q were detected in the plasma DNA, respectively, providing evidence to suggest that most of the cell-free plasma DNA obtained from this patient was tumor-derived. Interestingly, while not all mutations identified in the liver metastasis could accurately be detected in the primary tumor at the sequencing depth obtained, sequencing analysis of ctDNA from this patient captured the entire repertoire of mutations found in the primary tumor and/or metastatic deposit (Figures 1 and 2 , and Table 1 ). For instance, a missense mutation in FLT4, present in the metastasis but found at a MAF beyond the resolution of targeted MPS of the primary tumor material, was captured in the plasma-derived ctDNA. All 16 mutations except MLL3 were found in the baseline plasma ctDNA sample with allelic fractions of >20% (Table 1 ). The presence of the AKT1 E17K mutation in the plasma samples 1 and 2 was validated independently by means of Sequenom MassARRAY® analysis (44% and 16% MAFs, respectively; supplementary Table S1 , available at Annals of Oncology online). Further validation of the somatic genetic aberrations was not possible, given that no additional biological material was available for the remaining samples.
plasma-derived ctDNA for longitudinal disease monitoring
In the longitudinal monitoring of the patient during the course of Ipatasertib treatment, the MAFs identified in ctDNA samples varied following the administration of the targeted therapy. Two months after the initiation of the treatment (plasma 2), the fraction of all mutant alleles detected in the plasma-derived ctDNA decreased when compared with ctDNA analysis at baseline (plasma 1), mirroring the pharmacodynamic response as assessed by PET-CT (Figure 2 ). Assessment of ctDNA at 6 months of treatment (plasma 3) revealed an increase in the MAFs of all mutated genes similar to the levels observed at baseline before treatment ( Figure 2 and Table 1 ). It should be noted, however, that the MAFs of AKT1 and ESR1 were increased in the ctDNA at 6 months when compared with baseline (AKT1 E17K 39% plasma 1 versus 57% plasma 3; ESR1 E380Q 46% plasma 1 versus 58% plasma 3; Figure 2 and Table 1 ). Furthermore, the increase in mutant alleles in plasma-derived ctDNA was observed before radiologic disease progression (data not shown), and before the increase in CA15.3 levels (Figure 2) , providing evidence to suggest that increases in disease burden can be detected earlier by ctDNA analysis than by classical biochemical and radiologic assessments.
discussion
Here we demonstrate that high-depth targeted MPS of plasmaderived ctDNA contains representative tumor-derived genetic material that captured all mutations detected in the primary tumor and/or its synchronous liver metastasis, and provide a proof-of-principle that this approach can potentially be employed as a quantitative marker for disease monitoring of somatic genetic alterations during the course of targeted therapy. At the time of diagnosis, at least a subset of breast cancers have been shown to constitute mosaics, being composed of heterogeneous populations of tumor cells that, in addition to the founder genetic events, harbor private mutations [4] [5] [6] [7] [8] . Consistent with this notion, here we demonstrate that mutations affecting ESR1, CTNNB1, PIK3C2G, GATA1, EPHB1, PAK7, MAP2K2 and FLT4, albeit present at allele fractions ≥26% in the metastatic lesion, were likely present in a minor clone of the primary tumor (i.e. MAFs ≤5%). It should be noted that activating ESR1 mutations have been identified in endocrine-resistant metastatic lesions while not detectable in the respective primary breast cancers [27] . In this study, the endocrine therapy resistance-associated ESR1 E380Q mutation [28] was present at a higher allele fraction in the ER-positive liver metastasis (MAF 68%) than in its synchronous ER-positive primary breast cancer (MAF 2%). Importantly, however, the biopsies of the synchronous primary and metastatic lesions were collected before any systemic therapy. It remains to be determined whether the ESR1 E380Q mutation provided a growth advantage at the metastatic site irrespective of treatment or merely co-segregated with other molecular alterations present in the clone that gave rise to the metastatic deposit.
Spatial and temporal intra-tumor genetic heterogeneity has been documented in cancers [2, 5-8, 11, 29] , suggesting that genetic analysis of a single diagnostic biopsy of a primary tumor may not yield results that are representative of the somatic genetic aberrations present in the cancer cells of its metastases [2, 30] . Given that in the present case all mutations detectable by targeted MPS of the metastatic lesion were also detected in the plasma ctDNA samples, our findings lend credence to the notion that ctDNA may constitute an alternative to metastatic lesion sampling for MPS analysis.
Our study has several limitations. First, the analyses were carried out utilizing materials from a single patient with a high disease burden. The high MAFs observed in this study likely reflect this high tumor burden the patient presented, and therefore, an ideal setting for plasma DNA analysis. It is plausible that, in other settings and cancer types, this approach may not be sufficient, either due to lower tumor burden or due to the fact that cancer cells may not harbor mutations in any of the genes included in a given targeted capture panel [9] . In fact, in Bettegowda et al. [15] , the vast majority of metastatic breast cancer patients had ctDNA detectable in plasma, whereas <50% of breast cancer patients with early disease had any detectable levels of ctDNA. Secondly, although ctDNA-targeted capture analysis was proven useful for disease monitoring, sequencing analysis of the plasma DNA sample at progression did not result in the identification of a genetic aberration causative of resistance to Ipatasertib monotherapy. Although resistance to AKT inhibition may be mediated by adaptive changes (e.g. activation of upstream receptor tyrosine kinases [31] ), it is unknown whether this mechanism would induce resistance to the Ipatasertib monotherapy in patients harboring AKT1 mutations. Thirdly, given that all mutations found in the primary tumor were also detected in the liver metastasis, we cannot ascertain whether ctDNA not only capture the entire repertoire of mutations found in the metastatic lesion, but also that of the primary tumor. Regrettably, the amounts of plasma DNA obtained from this patient were insufficient for whole genome or whole exome sequencing analysis at the depth that would be required to determine whether a specific somatic genetic aberration was selected for during Ipatasertib monotherapy and to define whether there would be mutations affecting genes not included in the IMPACT assay that would be present in the primary tumor but not in the metastatic lesion.
In conclusion, we have demonstrated that plasma-derived DNA contains representative tumor genetic material that may be employed to uncover somatic genetic alterations present in cancer cells from patients with metastatic disease. Targeted capture MPS analysis of ctDNA may be a tool to combat intratumor genetic heterogeneity and to monitor tumor somatic alterations during the course of targeted therapy.
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